Gas phase sorting of nanoparticles 
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We discuss Stark deflectometry of micro-modulated molecular beams for the enrichment of 
biomolecular isomers as well as single-wall carbon nanotubes and we demonstrate the working 
principle of this idea with fullerenes. The sorting is based on the species-dependent polarizability- 
to-mass ratio a/m. The device is compatible with a high molecular throughput, and the spatial 
micro-modulation of the beam permits to obtain a fine spatial resolution and a high sorting sensi- 
tivity. 



Sorting of nanoparticles is essential for many future 
nanotechnologies. Nanoparticles can generally be sorted 
by their different physical or chemical properties. The 
objective is to prepare or enrich a particular species with 
a distinct property. In the case of carbon nanotubes the 
sorting of species with different metallicity is essential for 
many applications such as the realization of field effect 
transistors, light emitting diodes or conducting wires [l| . 
Here sorting can for instance be achieved by exploit- 
ing the tube's dielectric properties in a liquid environ- 
ment Also chemical methods for the selection and 
separation of carbon nanotubes are currently beeing in- 
vestigated @. 

Complementary to these efforts also the manipulation 
of large clusters and molecules in the gas phase has at- 
tracted a growing interest over recent years, inparticular 
with applications in molecule metrology [IjlaHQ- Since 
many nanoparticles, among them biomolcculcs or carbon 
nanotubes, exist in various different isomers and confor- 
mations, it is intriguing to investigate sorting methods in 
the gas phase which select the particles according to their 
polarizability-to-mass ratio a/m instead of their mass 
alone. 

A large number of classical deflection experiments have 
been performed in the past (for a review see Q) which 
employ the deflection of a well-collimated neutral beam in 
the presence of a static transverse inhomogeneous electric 
field. In this arrangement, one can usually chose between 
a wide molecular ray of high flux or a narrow beam with 
a lower total signal whose lateral shift can be determined 
with higher precision. 

We here present a method for sorting nanoparticle 
beams which combines high transmission and high res- 
olution. This can be achieved by imprinting a very fine 
spatial modulation onto the molecular beam. 

Our starting point is a three-grating matter-wave in- 
terferometer which we already described before Q. As 
shown in Fig. [TJ it is composed of three micro-machined 
gratings, which prepare, sort and detect the molecules. 
The combination of the first two gratings modulates the 
particle flux such as to generate a periodic particle den- 
sity pattern in the plane of the third grating. All gratings 
and also the molecular micro-modulation have identical 
periods. The density pattern or contrast function can 
therefore be revealed by scanning the third grating while 
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FIG. 1: (a) Three grating deflection setup. The third grating 
can be shifted to scan the nanoparticle fringe pattern. Parti- 
cles with different a/m are separated by their different deflec- 
tion shifts in the electrode field as identified in (b). The grat- 
ing position can be set to preferentially transmit one species 
while blocking the others. After the sorting the molecules 
may be deposited on a target or detected by ionization. 



counting all transmitted molecules, as shown in Fig. 2. 

Our device is usually operated in a quantum mode, 
with molecular masses and velocities chosen such as to re- 
veal fundamental quantum phenomena related to matter- 
wave diffraction Q. 

However, the same device can also be used in a Moire 
or shadow mode [1 01 ] , where the molecules can be approx- 
imated by classical particles. This applies in particular 
to fast and very massive molecules where quantum wave 
effects may be too small to be observed. 

Our setup then still combines a fine spatial micro- 
modulation with much relaxed requirements on the col- 
limation of the beam. This allows us to increase the spa- 
tial resolution in any beam-displacement measurements 
by several orders of magnitude over earlier experiments 
without micro- imprint. 

A beam-displacement may for instance be caused by an 
inhomogeneous electric field acting on the polarizability 
of the particle. In our experiment of Fig.[TJ a pair of elec- 
trodes close to the second grating generates a constant 
force field F x = a(EW)E x , which shifts the molecular 
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FIG. 2: Predicted fringe pattern for YGW and YWG tripep- 
tides. (a)shows the calculated density distribution after the 
third grating without applying any voltage to the deflecting 

electrodes: The full curve is the YWG and belongs to 

the YGW peptide, (b) indicates that already at 7.5 kV both 
biomolecules can be separated and therefore maximally en- 
riched. The calculation takes also into account the dispersive 
interaction of the molecules with the metal gratings. The 
transmission function is periodic in x with over many thou- 
sand lines, with a grating constant of 990 nm in this example. 



fringe pattern along the x-axis by 

As, cx (a/m) • {EV)E x /v 2 y . (1) 

Here v y is the beam velocity in the forward direction. De- 
flection measurements then allow to derive precise values 
for the polarizability of the molecules, as recently demon- 
strated [1,0|- 

Here we extend the operation of our deflectometer 
to the classical Moire mode with biomolecules and car- 
bon nanotubes and we extend the previous molecular 
measurement to an active sorting method for molecular 
species that differ in a/m. 

For a first illustration we discuss and simulate the rel- 
ative enrichment of a 50:50 mixture of the tripeptide 
Tryptophan-Glycin-Tyrosin (YGW) and its isomer YWG 
which differ only by the swapped position of Glycin and 
Tryptophan in the amino acid sequence. Their masses 
are equal (m=460 u) but their susceptibilities x(YWG) = 
100 A 3 and x(YGW) = 480 A 3 differ by almost a factor 
of five [11]. The susceptibility |x = «+ (^)/(fc B T), 
includes the orientation averaged square of the projec- 
tion of the electric dipole moment onto the direction of 



the external field {y? z ) and T is the molecule temperature. 
With this definition, the polarizability in Eq. Q] may be 
replaced by x, if the molecules also possess a permanent 
electric dipole moment. 

For the two isomers the molecular fringe shifts will then 
differ by a factor of five, if all other beam parameters are 
equal. Therefore, when the three gratings are designed 
for maximum fringe contrast in the molecular beam close 
to the third grating, we may chose the electric field such 
that one sort of peptide will be transmitted by the deflec- 
tometer while its isomer will be blocked and deposited on 
the third grating. The transmitted beam will then reveal 
a significant enrichment of one particular isomer. 

To quantify the sorting process we define the maximal 
enrichment of two mixed species P\ and Pi as: 

r) = max\ x {S Pl (x) - Sp 2 (x)}, (2) 

where Sp^x) = S(x)/[S max (x) + S m i n (x)} is the normal- 
ized signal of the Moire curve associated with the peptide 
Pi (see Fig. 2), and x is the position of the third grating. 

This definition is based on the fact that each isomer 
will form a fringe pattern with its own intensity, fringe 
visibility and beam shift in the external field gradient. 
Since the enrichmentis meant to include only the effects 
of the sorting machine, the signals of both species are 
normalized to their average beam fluxes. 

The definition is chosen such that 7/ = for equal nor- 
malized transmission of both species through the three- 
grating- arrangement, and 77 = 1 if one species is blocked 
while the other is fully transmitted. 

For small polypeptides, the combination of a pulsed 
beam source with a pulsed laser detection scheme, may 
allow us to select a mean velocity of v y = 340 m/s with 
a relative spread of Av y /v y = 0.5%. We now assume 
a grating separation of L = 38.5 cm, a grating constant 
of 990 nm, and a grating open fraction of / = 0.2, i.e 
gap openings of 200 nm. Inserting all these parameters 
we find a relative enrichment for YWG as high as r\ — 
0.97. The high expected degree of separation can also be 
seen in Fig 2b. Here, the voltage has been optimized to 
(EV)^ = 1.05 x 10 13 V 2 /m 3 in order to maximize the 
transmitted content of this isomer. The required field can 
be generated between two convex 5 cm long electrodes at 
a difference potential of U=7.5kV, and for a minimum 
distance of 4 mm. 

Next to the sorting of biomolecules. The selection of 
carbon nanotubes with a defined internal structure is a 
challenge that has attracted great interest [l|. Our de- 
flectometer proposal differs from earlier methods 0, 01 in 
that it is vacuum compatible and therefore better suited 
for a certain class of technological applications. It also 
differs from a recently patented su gges tion for sorting 
free nanotube beams by laser fields [13j in that the use 
of microfabricated gratings allows us to combine an un- 
collimatcd molecular beam with a method of high spatial 
resolution. 

In the following we will assume that it is in principle 
possible - even though technically difficult at present - 
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FIG. 3: Reduced longitudinal polarizability ay SWCNTs ver- 
sus length and diameter. The two surfaces represent ay's of 
metallic and semiconducting nanotubes of a typical diame- 
ter [3| and possible length distribution [TBI ]. 



to generate a free molecular beam of single-wall carbon 
nanotubes (SWCNTs) with an assumed length distribu- 
tion between 50 nm and 150 nm, an arbitrary mixture of 
chiralities and diameters between 0.7-1.3 nm. 

To simulate the Moire fringes for these nanotubes we 
first need to determine their a/m ratio. Their mass can 
be computed from the number of carbon atoms per unit 
cell The static polarizability of nanotubes is ex- 

tremely anisotropic and we have to consider separately 
both the transverse and the longitudinal value per car- 
bon atom, i.e. the reduced polarizabilities. The reduced 
transverse static polarizability of a carbon nanotube is 
independent of its metallicity but it is proportional to 
its radius R. For SWCNTs it can be approximated by 
ctxred ~ 1.3A 3 /atom [17j , a value very similar to that of 
Cqo or medium-sized alkali clusters [18j |. 

The longitudinal polarizability of semiconducting 
tubes a\\ s depends on their band gap energy E g [TtJ ac- 
cording to cv||«oc (R/Eg). We use a\\ s « 8.2i? 2 + 20.5 for 
R > 0.35 nm Even for semiconducting SWCNTs the 
reduced longitudinal polarizability thus exceeds already 
the transverse value by about a factor of ten and the 
polarizability of medium-sized metal clusters by about a 
factor of two (20|. 

This relation for au s can't be applied to metallic tubes 
because of their vanishing band gap, E g = 0. We there- 
fore approximate short metallic tubes of length I by per- 
fectly conducting hollow cylinders [2l| and find for their 
axial polarizability 



24(ln(l/R) - 



_ / 4/3-Zn(2) \ 

1)\ + ln(l/R)-lJ- [6) 



we plot the reduced polarizabilities for a range of differ- 
ent tube diameters and lengths. The clear separation 
between metallic and semiconducting tubes in this dia- 
gram indicates that mixtures of these species will be well 
separable in a Moire-deflection experiment. 

The reduced longitudinal polarizability of semiconduct- 
ing tubes does not scale with the tube's length, since both 
their mass and their polarizability grow linearly with it. 
The separation process will therefore also work for nan- 
otubes beyond the parameter range of Fig. [3] • 

With all masses and polarizabilities at hand, we now 
proceed to simulate the Moire fringe patterns. 

In Fig. [4] we show the simulations for two 100 nm long 
semiconducting (17,0) and metallic (9,0) nanotubes fly- 



ing at 100 m/s with a velocity spread of Av y /v y 



1% 



through a setup with metallic gratings separated by 
L=38.5 cm. The grating period is now set to g = 10 /im 
and the open fraction is again f=0.2, which would per- 
mit a fringe contrast of 100% - for small classical balls 
without polarizability. 

The semiconducting tube is computed to have 

kg, a x = 2.6 x 10 4 ! 3 and 



R=0.67nm, m= 
«H = 3.8 x 10 5 A 
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The metallic tube has R=0.36nm, 
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m=1.7 x 10"^ kg, a ± = 9.5 x 10 J A and a\\ = 1.1 x 

10 7 1 . In the be ginning we assume that all nanotubes 
are maximally aligned with respect to the external elec- 
tric force field, i.e. along the x-axis. At a deflection field 
of (EV)JSa! = 1.4 x 10 12 V 2 /m 3 , the metallic tube's fringe 
shift of 5200 nm would largely surpass the 150 nm shift of 
the semiconducting molecules. And one can easily find 
a voltage that will enrich the metallic tubes in the beam 
by shifting their fringe maxima until they fall onto the 
openings of the third grating, while the semiconducting 
tubes will be blocked by the grating bars. In this ide- 
alized picture the enrichment could reach almost 100% 
(Fig. Si). 

We now extend this simple model to include the attrac- 
tive Casimir-Polder (CP) potential between the aligned 
molecules and ideally conducting grating walls in the ap- 
proximation of long distances r: 



U(r) 



3hc a 



(4) 



This value exceeds that of equally long semiconducting 
tubes by a factor between ten and one hundred. In Fig. [3] 



[22j . The influence of the CP interaction is demonstrated 
in Fig. d] (b) . The fringe contrast is reduced due to the 
deflection of the tubes in the grating's potential. For 
this simulation metal gratings are assumed and a larger 
enrichment can be maintained if the metal gratings are 
replaced by dielectric materials or even by gratings made 

of light HaH. 

We also have to consider that any nanotube beam in 
the forseeable future will carry molecules in a highly ex- 
cited rotational state. Each orientation of the nanotube 
with respect to the external electrode field is associated 
with a different fringe shift, since the relative contribu- 
tions by the transversal and longitudinal polarizability 
depend on this orientation. 
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FIG. 4: Predicted fringe pattern for semiconducting (17,0) 
and metallic (9,0) carbon nanotubes. (a) illustrates the ideal 

Moire case: The full curve is the (17,0) and belongs to the 

(9,0) tube without Casimir- Polder (CP) and maximal aligned 
at 0.58 kV. (b) shows the influence of the dispersive interac- 
tion between material grating and nanotube: is the Moire 

pattern. — ■ — includes the CP interaction for the (17,0) and 
the full curve for the (9,0) tube at kV [(J with maximum 
alignment, i.e. without rotation, (c) is the complete analysis 
including CP and full rotationl averaging: The full curve is 
the (9,0) and is the (17,0) tube at 0.9 kV. 
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FIG. 5: A) Interference pattern without any voltage to the 
electrodes. B) Separation of Ceo (circles) and C70 (squares) 
at an electrode voltage of 14 kV. The phase shift difference 
is 5 =171 nm. Interference contrasts are normalized to the 
same height. C) Comparison between expected (dotted line) 
and observed maximal Cm enrichment at kV and 14 kV in 
the existing setup (crosses) with f=0.46 and Av/v = 15%. 
The potential for larger fullerene enrichment with an opti- 
mized interferometer with g=990 nm, f=0.2 and Av/v — 1% 
is indicated by the solid line. 



Fig. H](c) shows an average of all Moire curves now in- 
cluding both the full rotational distribution function Q 
and the CP interaction. The expected fringe visibility 
still amounts to 77% for the semiconducting (17,0) tubes 
and to 31 % for the metallic (9,0) ones. As can be seen 
from Fig. S](c) this will allow a significant enrichment of 
the metallic tubes. The predicted value for the enrich- 
ment reaches ry(17, 0) = 0.4 for the semiconducting tubes 
and 77(9, 0) = 0.6 for the metallic ones. It is interest- 
ing to see that our reasoning still holds generally for all 
other chiralities. Metallic and semiconducting tubes will 
always be separable with a good probability, because of 
the huge variation in polarizabilities. 

To demonstrate the working principle of our three- 
grating sorting machine we have performed experiments 



with the fullerens Cqq and C70 in an existing Talbot-Lau 
interferometer with three identical gold gratings with a 
period of g = 990 nm and an open fraction of f=0.46. We 
detect the content of the different molecular species using 
a quadrupole mass spectrometer (QMS Extrel, 2,000 u). 
The two fullerenes Ceo and C70 differ in their mass by 
the factor 7/6. 

Their polarizability ratio was measured in a related 
experiment to be ac 70 /otc 60 — 1-22 @. The velocities 
in this mixture were 191 m/s for Cqq and 184 m/s for 
C70, both with a velocity spread of 15% from a thermal 
source. Fig. [5](a) shows the fringe contrast of the two 
fullerenes without any voltage applied to the electrodes. 
Even at U =0 kV we already observe a slight enrichment 
due to the different fringe visibilities for Cqq and C70. 
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Applying a voltage of 14 kV then results in the phase- 
shift difference shown in Fig. [5](b). Fig. [5](c) plots the 
measured and expected enrichments of Cqq , which are in 
rather good agreement. 

The observed phase shift ratio As(CVo) / As(Cea) = 
1.14 fits well with our theoretical estimate (Eq.QJ of 1.13, 
including the statistical and systematic error of 4% in our 
experiment. For our experiment in Fig. 0(b) we find a 
rather moderate Cqo enrichment of ^(Cgo) = 0.08. This 
is obviously not yet optimized and it is interesting to dis- 
cuss the factors that influence it in the present and in 
future experiments. 

Secondly, the fringe contrast is very sensitive to the 
van der Waals interaction between the molecules and the 
grating walls. This attractive potential modulates the 
fringe visibility and it does this differently for different 
polarizabilities and molecule velocities. This influence 
can be reduced by choosing a wider grating period or 
by recurring to optical phase gratings, as mentioned be- 
fore Q. 

Thirdly, the Stark deflection itself is dispersive (Eq. [1} . 
A finite velocity spread leads to a reduction of the in- 
terference contrast with increasing electric field. And 
while the fringes in our present experiment would tend to 
wash out beyond a deflection voltage of U=14kV, pulsed 
beams of biomolecules [l^| with Av y /v y ~ 0.1... 1% would 
be essentially free of such a restriction. 

Fourthly, the polarizability ratio is rather small for the 
two fullerene species. In contrast to that, a/m may vary 
by ~ 500 % for isomers of small polypeptides [ll[ and by 
even a factor up to one hundred for carbon nanotubes of 



different chirality jl7|. In this respect all future exper- 
iments will be simpler compared to our present demon- 
stration. 

The very good quantitative agreement between our ex- 
periment and the model expectations, shown in Fig.[5](c) 
proves that we do understand the relevant processes in 
the present study. The solid line in Fig. 0(c) shows 
the expected Cqq enrichment in an interferometer setup 
which is optimized for sorting instead of quantum demon- 
strations. 

Concluding, we have shown that a/m- variations can 
be used to sort neutral nanoparticles even in wide molec- 
ular beams. Our simulations show that the relative en- 
richment may even get close to 100% for biomolecular 
isomers and it will still be significant (~ 60%) for single- 
wall carbon nanotubes. The working principle is illus- 
trated by the enrichment of Cqq out of a mixed molecular 
beam composed of Cgo and Cro fullcrcncs. The sorting 
scheme works in general for nanoparticles which can be 
transferred into a free molecular beam and which differ 
in their a/m ratio. 
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